-The effects of heavy water (deuterium oxide, D 2 O) on GABAergic and glutamatergic spontaneous and evoked synaptic transmission were investigated in acute brain slice and isolated "synaptic bouton" preparations of rat hippocampal CA3 neurons. The substitution of D 2 O for H 2 O reduced the frequency and amplitude of GABAergic spontaneous inhibitory postsynaptic currents (sIPSCs) in a concentrationdependent manner but had no effect on glutamatergic spontaneous excitatory postsynaptic currents (sEPSCs). In contrast, for evoked synaptic responses in isolated neurons, the amplitude of both inhibitory and excitatory postsynaptic currents (eIPSCs and eEPSCs) was decreased in a concentration-dependent manner. This was associated with increases of synaptic failure rate (Rf) and paired-pulse ratio (PPR). The effect was larger for eIPSCs compared with eEPSCs. These results clearly indicate that D 2 O acts differently on inhibitory and excitatory neurotransmitter release machinery. Furthermore, D 2 O significantly suppressed GABA A receptor-mediated whole cell current (I GABA ) but did not affect glutamate receptor-mediated whole cell current (I Glu ). The combined effects of D 2 O at both the pre-and postsynaptic sites may explain the greater inhibition of eIPSCs compared with eEPSCs. Finally, D 2 O did not enhance or otherwise affect the actions of the general anesthetics nitrous oxide and propofol on spontaneous or evoked GABAergic and glutamatergic neurotransmissions, or on I GABA and I Glu . Our results suggest that previously reported effects of D 2 O to mimic and/or modulate anesthesia potency result from mechanisms other than modulation of GABAergic and glutamatergic neurotransmission. deuterium oxide; neurotransmission; intravenous and inhaled anesthetic agents; rat hippocampal CA3 neurons; "synaptic bouton" preparations RECENT ELECTROPHYSIOLOGICAL studies have shown that general anesthetics act through hydrophilic regions of GABA A and glutamate receptors on neurons. However, the interpretation of previous studies concerning the modulation of GABA A receptor-mediated whole cell currents (I GABA )and GABA transmission in response to general anesthetics can be complicated by effects on surrounding neuronal and glial cells in slice preparations and cultured cells. To overcome these potential limitations, we have established a method for isolation of single nerve-adherent synaptic boutons using enzyme-free mechanical dissociation. This "synaptic bouton" preparation has the advantage of single neurons that are isolated from surrounding structures and local modulators (Akaike and Moorhouse 2003: Akaike et al. 2002) . Also, this preparation allows measurement of not only spontaneous inhibitory and excitatory postsynaptic currents (sIPSCs and sEPSCs) but also action potential-dependent inhibitory and excitatory postsynaptic currents (eIPSCs and eEPSCs) evoked by focal electric stimuli.
RECENT ELECTROPHYSIOLOGICAL studies have shown that general anesthetics act through hydrophilic regions of GABA A and glutamate receptors on neurons. However, the interpretation of previous studies concerning the modulation of GABA A receptor-mediated whole cell currents (I GABA )and GABA transmission in response to general anesthetics can be complicated by effects on surrounding neuronal and glial cells in slice preparations and cultured cells. To overcome these potential limitations, we have established a method for isolation of single nerve-adherent synaptic boutons using enzyme-free mechanical dissociation. This "synaptic bouton" preparation has the advantage of single neurons that are isolated from surrounding structures and local modulators Moorhouse 2003: Akaike et al. 2002) . Also, this preparation allows measurement of not only spontaneous inhibitory and excitatory postsynaptic currents (sIPSCs and sEPSCs) but also action potential-dependent inhibitory and excitatory postsynaptic currents (eIPSCs and eEPSCs) evoked by focal electric stimuli.
Extending our studies on how different types of anesthetics and related modulators act on neurons and synapses, we now investigate a potential role of water in modulating ligand-gated ion channels and anesthetic actions. Pauling (1961) and Miller (1961) first proposed that water critically affects anesthetic actions by forming water clathrates around anesthetic molecules. However, it is difficult to evaluate how this electrically neutral substance, water, can be affected by anesthetics, and how anesthetic-induced water changes in critical regions or sites can impact the function of the nervous system.
Heavy water (deuterium oxide, D 2 O) differs chemically from water and exerts a variety of effects of anesthetic action on the nervous system. D 2 O was shown to enhance ethanolinduced inhibition of the central nervous system (Sabelli and Priest 1970) . Both acute and chronic intraperitoneal injection of D 2 O in male mice showed amnestic and sedative effects and enhanced the anesthetic potency of isoflurane, a volatile anesthetic, in a dose-dependent manner. Also, D 2 O prolonged barbiturate-induced anesthetic duration (Kaminoh et al. 1997) . These results strongly suggest that water plays an important role in anesthesia-induced modulation of neurotransmission. Thus we investigated how D 2 O alters synaptic transmission.
In the present study we compared focal electrically evoked GABAergic and glutamatergic transmission with spontaneous transmission during D 2 O treatment. We thus examined the direct effects of D 2 O on inhibitory GABAergic and excitatory glutamatergic neurotransmission, which have been considered to be main site of anesthetic action. Second, we investigated the effects of D 2 O for both I GABA and glutamate receptormediated whole cell current (I Glu ) on CA3 soma membrane. Finally, we examined the effects of D 2 O on the modulation of the synaptic transmission by the inhaled anesthetic [nitrous oxide (N 2 O)] or an intravenous anesthetic (propofol).
MATERIALS AND METHODS

Slice and Synaptic Bouton Preparations
All experiments were performed in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Science of the Physiological Society of Japan and were approved by the ethics committee at Kumamoto Health Science University. Wistar rats (11-20 days old) were decapitated under pentobarbital anesthesia (50 mg/kg ip). Hippocampi were gently removed and cut into transverse slices (350 -400 m) with a vibratome (VT1200S; Leica) in an ice-cold incubation solution (see below) bubbled with a mixture of 95% O 2 and 5% CO 2 . Hippocampal slices were kept in the incubation solution saturated with 95% O 2 and 5% CO 2 at room temperature (22-25°C) for at least 1 h before electrical recording in the slice preparation or mechanical dissociation. In slice experiments, individual slices were transferred to a submerged recording chamber (RC-26GLP; Warner Instruments) mounted on the stage of an upright microscope (DM LFSA; Leica) and superfused with an incubation solution bubbled with 95% O 2 and 5% CO 2 (1-2 l/min). For mechanical dissociation in the synaptic bouton preparation, hippocampal slices were transferred into a 35-mm culture dish (Primaria 3801; Becton Dickinson, Rutherford, NJ) containing a standard external solution, and the CA3 region was identified under a binocular microscope (SMZ645; Nikon, Tokyo, Japan). Details of the mechanical dissociation procedure have been described previously (Akaike and Moorhouse 2003; Akaike et al. 2002) . Briefly, CA3 neurons were mechanically dissociated using a vibrator (S1 10 cell isolator, K.T. Labs, Tokyo, Japan) and a fire-polished glass pipette. The tip of the pipette was lightly placed on the surface of the CA3 region and vibrated horizontally at about 50 -60 Hz with displacements of about 0.1-0.2 mm for about 2 min. The slices were then removed, and the dissociated neurons settled and adhered to the bottom of the dish over 15 min.
Electrophysiological Measurements
GABAergic IPSCs and glutamatergic EPSCs were recorded from the CA3 nerve cell bodies using the conventional whole cell patch-clamp recording method under voltage-clamp mode at a holding potential (V H ) of 0 mV for IPSCs and I GABA or Ϫ65 mV for EPSCs and I Glu (Multiclamp 700B; Molecular Devices, Sunnyvale, CA). All recordings were performed at room temperature (22-25°C).
Patch pipettes were made from borosilicate capillary glass (1.6-mm outer diameter, 0.9-mm inner diameter, G-1.5; Narishige, Tokyo, Japan) in two stages on a vertical pipette puller (PC-10; Narishige, Tokyo, Japan). The resistance of the recording pipettes filled with the internal (patch pipette) solution (see below) was 3-6 M⍀. Isolated neurons were observed under phase contrast on an inverted microscope (DM IRB; Leica). In slice recordings, patch electrodes were visually guided to neurons using infrared illumination and differential interference contrast optics (DIC; ϫ40 water immersion lens) on the microscope (DM LFSA; Leica) with an infrared CCD monochrome video camera (IR-1000; DAGE-MTI). Neuronal responses were continuously monitored on a computer display and an oscilloscope (DCS-7040; Kenwood). All membrane currents were filtered at 3 kHz with a low-pass filter (E-3201A Decade filter; NF Electric Instruments, Tokyo, Japan) and stored on a computer using pCLAMP 10.2 (Axon Instruments). Brief (30-ms duration) 5-mV hyperpolarizing steps monitored access resistance throughout, and recordings in which the resistance changed by more than 20% were excluded.
Focal Electrical Stimulation of Single Boutons
Focal electrical stimuli activated single boutons on dissociated CA3 neurons and eIPSCs or eEPSCs (Akaike and Moorhouse 2003; Wakita et al. 2012) . Bipolar stimulating pipettes were created by pulling a theta glass tube to a tip diameter of about 0.5 m for focal stimuli using a micropipette puller (P-97; Sutter), which provides both the current delivery and return paths in a compact format. Both barrels of the theta glass tube were filled with standard external solution and connected to the anode or cathode for delivering stimulating currents from an isolated stimulator (SS-202J; Nihon Koden, Tokyo, Japan). Paired-pulse focal electrical stimuli for eIPSCs were 100 s (duration) and 0.05-0.1 mA (intensity), delivered every 30 -70 ms (interevent interval). For eEPSCs, stimuli were 100 s and 0.05-0.1 mA, delivered every 20 -30 ms.
The stimulating electrode was carefully moved along the surface membrane but did not directly touch the membrane of any boutons. Periodic stimuli were delivered whole cell currents were monitored until the appearance of eIPSCs or eEPSCs. These synaptic events appeared in an all-or-none fashion over a very limited range of positions, indicating that effective stimulation required the pipette to be positioned just above the bouton for successfully triggered events (Akaike et al. 2002) .
Solutions
The ionic composition of the incubation medium contained (in mM) 124 NaCl, 5 KCl, 1.2 KH 2 PO 4 , 24 NaHCO 3 , 2.4 CaCl 2 , 1.3 MgSO 4 , and 10 glucose, saturated with 95% O 2 and 5% CO 2 to adjust the pH to 7.45. The standard external solution for recordings in the synaptic bouton preparation contained (in mM) 150 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES. The external solution was adjusted to a pH of 7.4 using Tris base. The composition of the internal pipette solution for sIPSC recordings in the slice preparation was (in mM) 110 Cs 2 SO 4 , 0.5 CaCl 2 , 2 MgCl 2 , 5 EGTA, 5 HEPES, 5 Mg-ATP, and 5 tetraethylammonium chloride (TEA-Cl), adjusted to a pH of 7.2 with CsOH. For sEPSC recordings, the solution contained (in mM) 136 K-gluconate, 5 KCl, 0.5 CaCl 2 , 2 MgCl 2 , 5 EGTA, 5 Mg-ATP, and 5 HEPES, adjusted to a pH of 7.2 with KOH. The composition of the internal pipette solution for IPSC recordings in the synaptic bouton preparation was (in mM) 5 CsCl, 130 Cs-methanesulfonate, 5 TEA-Cl, 10 EGTA, 10 HEPES, and 4 ATP-Mg. For EPSC recordings, the solution contained (in mM) 5 CsCl, 135 CsF, 5 TEA-Cl, 2 EGTA, 10 HEPES, and 5 2-[(2,6-dimethylphenyl)amino]-N,N,N-triethyl-2-oxoethanaminium bromide (QX-314). All pipette (internal) solutions for recording in the synaptic bouton preparation were adjusted to a pH of 7.2 with Tris base. ATP-Mg was dissolved in the internal solution just before use. IPSCs were isolated from EPSCs using 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-(Ϫ)-2-amino-5-phosphonovaleric acid (D-AP5) and by recording at a V H of 0 mV, close to the reversal potential of ionotropic glutamate response. Similarly, EPSCs were isolated from IPSCs by recording at a V H of Ϫ65 mV, close to the Cl Ϫ equilibrium potential. To measure the effects of D 2 O, 10, 30, 50 and 100% H 2 O in both external and incubation solutions were replaced with an identical amount of D 2 O.
Drugs
We purchased D 2 O, TEA, EGTA, QX-314, ATP-Mg, and propofol from Sigma (St. Louis, MO,), CNQX and D-AP5 from Tocris Cookson (Ellisville, MO), and N 2 O from Kumamoto Sanso (Kumamoto, Japan). For slice experiments, drugs dissolved in incubation solution were applied to hippocampal slices by exchanging solutions via a three-way stopcock without altering perfusion rate or temperature. In experiments using the synaptic bouton preparation, all test solutions were applied by using a Y-tube system, enabling rapid solution exchange within 20 ms (Murase et al. 1989) . The compositions of 70% and 30% N 2 O gas mixtures were N 2 O 70%, O 2 28.5%, and CO 2 1.5% and N 2 O 30%, O 2 28.5%, CO 2 1.5%, and N 2 40%, respectively. N 2 O was directly applied by bubbling gas into the external test solution. The solution was well saturated by bubbling N 2 O gas over 10 min (unpublished data) and then applied to the CA3 neurons. Propofol was prepared as a 100 mM stock solution in dimethyl sulfoxide (DMSO) and diluted to the appropriate concentration in the external solution (Hara et al. 1993; Kotani et al. 2012) . The experimental concentration of DMSO was less than 0.1% throughout and did not alter or evoke any currents in separate control experiments. All other drugs were directly dissolved in the external test solution.
Data Analysis
In each experiment, sIPSCs and sEPSCs were counted and analyzed in preset epochs before, during, and after each test condition using MiniAnalysis software (Synaptosoft, Fort Lee, NJ). Briefly, synaptic events were initially screened automatically using an amplitude threshold of 10 pA and then visually accepted or rejected on the basis of their 10 -90% rise and 90-37% decay times. The interevent intervals (frequencies) and amplitudes of both sIPSCs and sEPSCs were examined by constructing and comparing cumulative probability distributions under different conditions using the MiniAnalysis software. For complex waveforms in which the event starts to rise before the previous event returns to the baseline, we estimated a baseline for the second event by extrapolating the decay of the first peak from the location of the second peak. The peak amplitude of the second event was determined from this calculated baseline (Shoudai et al. 2007 ). The amplitude, frequency, and decay time (90-30%) of spontaneous synaptic events during the control (3-10 min) and drug application period (over 1.5-5 min) were averaged, and the amplitude, frequency, and decay time of all events during drug application were normalized to their control values. The effects of drugs were quantified as relative changes in amplitude and frequency for synaptic events and compared with the individual controls.
For evoked events (eIPSCs and eEPSCs), the current amplitude, failure rate (Rf), and paired-pulse ratio (PPR; P 2 /P 1 ) were calculated in pCLAMP 10.2 . When either the P 1 or P 2 current failed to appear at the expected latency, the PPR value was not included in the mean PPR data. For the time course plots of PPR when P 1 , P 2 , or both P 1 and P 2 were failures, the PPR value was plotted as 0 to indicate a failure in these plots. The effects of D 2 O, propofol, and N 2 O on the current amplitude, Rf, and PPR for eIPSCs and eEPSCs were normalized as percentage change from their respective controls.
To examine I GABA and I Glu , we bath applied 3 M GABA and 10 M glutamate, respectively. These concentrations ) elicited consistent responses with little desensitization Matsuura et al. 2011; Yamamoto et al. 2011) . The effects of D 2 O, N 2 O, and propofol on these responses were quantified by normalizing the peak current amplitudes in the presence of drugs to those in the absence of drugs.
Data are reported as means Ϯ SE of these normalized values. Data were tested using Student's t-test or one-way ANOVA, followed by a post hoc Bonferroni test for multiple comparisons using absolute, rather than normalized, values. Two-tailed P values of Ͻ0.05 were considered statistically significant.
RESULTS
Effects of D 2 O on Spontaneous GABA and Glutamate Release in Slice and Synaptic Bouton Preparations
Slice preparation. Figures 1 and 2 show the effects of the complete deuterization (100% D 2 O) on GABAergic sIPSCs and glutamatergic sEPSCs recorded from the conventional slice preparation of rat hippocampal CA3 neurons (Shoudai et al. 2010) . Complete deuterization significantly decreased the frequency (P Ͻ 0.01) and amplitude (P Ͻ 0.05) of GABAergic sIPSCs within a few minutes. These responses returned to control values after washout with the control solution (Fig. 1Ba) . D 2 O shifted the sIPSC interevent interval distribution curve to the right and the amplitude distribution curve to the left (Fig. 1C) . The results suggest a possibility that D 2 O has both presynaptic and postsynaptic effects on GABAergic transmission. In contrast, sEPSCs were not affected by complete deuterization (Fig. 2) , suggesting that D 2 O has minimal effects on both presynaptic and postsynaptic components of glutamatergic transmission. Note the increase in baseline noise in recordings of sIPSCs compared with sEPSCs (cf. Figs. 1Aa and 2Aa) that arises due to a greater frequency of inhibitory synaptic activity. Presumably, this reflects more inhibitory inputs compared with excitatory inputs. The extent of inhibition of sIPSC frequency by D 2 O was similar regardless of the control sIPSC frequency.
Synaptic bouton preparation. To clarify the exact effects of D 2 O on sIPSCs and sEPSCs at the single synapse level, further Fig. 5 . Effects of 100% D 2 O on GABAergic IPSCs (A; eIPSCs) and glutamatergic EPSCs (B; eEPSCs) evoked by paired-pulse focal electrical stimuli. A, inset: schematic illustration of a recording from a mechanically dissociated CA3 neuron with retained attached boutons along the cell body surface and focal access of the scanning surface electrode to deliver current to single boutons and evoke unitary synaptic events. The focal electrical stimulation was applied to a single GABAergic or glutamatergic bouton every 5 s. Aa: representative eIPSCs before (left) and during (right) application of D 2 O. Traces 1 and 2 were obtained from points 1 and 2 in Ab and Ac. Each arrowhead indicates the peak of the P 1 (filled arrowhead) and P 2 (open arrowhead) current amplitudes of the eIPSC. Ab: plots of the P 1 current amplitude of eIPSCs against time in the absence (open circles) and presence (shaded circles) of 100% D 2 O. Electrical stimuli that failed to evoke eIPSCs (i.e., amplitude ϭ 0) were counted as failures and used to calculate the failure rate (Rf) of eIPSCs. Ac: time course of paired-pulse ratios (PPRs) before, during, and after application of 100% D 2 O. PPR was determined from the ratio P 2 /P 1 . Ba: typical eEPSCs before (left) and during (right) the application of 100% D 2 O. Typical time courses of the P 1 amplitude (Bb) and PPR (Bc) of eEPSCs before, during, and after application of 100% D 2 O are shown. studies were performed in the synaptic bouton preparation. Figure 3 shows concentration-dependent effects of D 2 O (10 -100%) on GABAergic sIPSCs. Both the frequency and amplitude of sIPSCs decreased immediately after complete deuterization. As in the slice preparation, D 2 O did not alter either the amplitude or frequency of sEPSCs (Fig. 4) .
Effects of D 2 O on GABA and Glutamate Release Evoked by Focal Paired-Pulse Electrical Stimuli
GABAergic eIPSCs and glutamatergic eEPSCs evoked by focal paired-pulse electrical stimuli were recorded at a V H of 0 mV for eIPSCs and Ϫ65 mV for eEPSCs. Both V H values were close to the equilibrium potentials of eEPSCs and eIPSCs, respectively. The P 1 current amplitudes of both eIPSCs and eEPSCs were rapidly suppressed by complete deuterization (Fig. 5) . Additionally, the Rf values of P 1 and PPR were increased. Figure 6 summarizes the concentration-dependent effects of D 2 O on the current amplitude (A), Rf of the P 1 current (B), and PPR (C) of both eIPSCs and eEPSCs. Modulatory actions of D 2 O on these factors were only observed at the higher concentrations of D 2 O (50 and 100%). Furthermore, the inhibitory effect of 100% D 2 O on P 1 current amplitude of eIPSCs was significantly greater than that of eEPSCs (P Ͻ 0.05; Fig. 6A ). These results suggest that D 2 O inhibits action potential-dependent neurotransmitter release from CA3 presynaptic nerve terminals.
Effects of D 2 O on I GABA and I Glu
I GABA was induced by exogenous application of 3 M GABA in CA3 soma membrane voltage-clamped at a V H of 0 mV. Coapplication of 100% D 2 O modestly decreased I GABA (Fig. 7A) . I Glu was evoked by exogenous application of 10 M glutamate in CA3 soma membrane at a V H of Ϫ65 mV. Simultaneous application of 100% D 2 O did not alter inward currents in response to glutamate (Fig. 7B) .
Effects of D 2 O on Intravenous and Inhaled AnestheticInduced Neuromodulation
We have observed the N 2 O-induced inhibition on the action potential-dependent inhibitory and excitatory neurotransmissions (unpublished data). We next examined the effects of D 2 O on these N 2 O-induced modulations. A clinical concentration of N 2 O (70%) significantly decreased the P 1 amplitude of GABAergic eIPSCs (Fig. 8Aa) and glutamatergic eEPSCs (Fig. 8Ba) . As shown in Fig. 8 , Aa and Ba, D 2 O (30%) alone had minimal effects on eIPSCs and eEPSCs. Coapplication of 30% D 2 O did not further modulate N 2 O-induced inhibitory effects on eIPSCs and eEPSCs (Fig. 8, Ab and Bb) . N 2 O (70%) also inhibited I Glu (Fig. 8Ca) . The N 2 O-induced inhibition of I Glu was almost the same in the presence (0.65 Ϯ 0.02 fold) and absence (0.62 Ϯ 0.02 fold) of 100% D 2 O (Fig. 8Cb) .
A clinically equivalent concentration of propofol (1 M) increased the frequency and amplitude of GABAergic sIPSCs and the amplitude of eIPSCs. In contrast, 1 M propofol had no effect on either sEPSCs or eEPSCs. These responses were consistent with results from our previous study . D 2 O (30%) itself had little effect on the frequency and amplitude of sIPSCs. Successive application of propofol did not further modulate the fre- quency, amplitude, and decay time of sIPSC increased by 1 M propofol (Fig. 9A) . Coapplication of 30% D 2 O did not further modulate propofol-induced excitatory effects on eIPSCs (Fig. 9B) . On the other hand, both sEPSCs and eEPSCs did not change with or without propofol or propofol ϩ D 2 O (Fig. 9, C and D) . Propofol (3 M) itself does not induce any responses, but it enhances I GABA . The data from the present experiment confirmed these results. The propofol-induced increase of I GABA was the same in the presence or absence of 100% D 2 O (Fig.  9Ea) . Enhancement ratios of propofol on I GABA were quite same with and without 100% D 2 O, respectively (Fig. 9Eb) .
DISCUSSION
In the present study, GABAergic sIPSCs, but not glutamatergic sEPSCs, were selectively inhibited by D 2 O (Figs. 1-4) , indicating that D 2 O acts differently on the spontaneous inhibitory and excitatory transmitter release machinery in presynaptic nerve terminals. On the other hand, 50 -100% D 2 O significantly reduced both eIPSCs and eEPSCs in a concentration-dependent manner. The inhibition of eIPSCs in the presence of 50 -100% D 2 O was greater than that of eEPSCs (Fig.  6) . Moreover, 100% D 2 O decreased I GABA without affecting I Glu in the hippocampal CA3 soma membrane (Fig. 7) . Thus these data suggest a possibility that the greater inhibition of eIPSCs compared with eEPSCs results from the sum of inhibitory actions of D 2 O on both presynaptic nerve terminal and I GABA in the soma membrane.
According to Katsurabayashi et al. (2004) , evoked glycine release is regulated by presynaptic protein kinase A activity, whereas spontaneous release depends on presynaptic cAMP concentrations, indicating that there are different presynaptic mechanisms between the two release systems. Unexpectedly, differential effects of D 2 O on spontaneous GABA and glutamate release were observed in the present study, suggesting the existence of diverse actions of D 2 O on GABA and glutamate release mechanisms in these nerve terminals. Further experiments are necessary to elucidate the details of these mechanisms.
We found that D 2 O decreased current amplitude and increased Rf and PPR of eIPSCs, and decreased I GABA . Our previous studies have reported that different anesthetics have different mechanisms on GABAergic neurotransmission, but in general they all increase I GABA . Hence D 2 O has a different profile of action compared with that of anesthetics. In addition, D 2 O did not augment or otherwise modulate N 2 O-and propofol-induced actions on GABAergic neurotransmissions and I GABA . These results suggest that the pharmacological actions of D 2 O on both presynaptic nerve terminals and postsynaptic somatic membranes appear to be quite different from those of other anesthetics. One possible explanation for previously reported synergistic anesthetic effects of D 2 O may have resulted from D 2 O deteriorating the functions of various organs, because high levels of D 2 O rapidly lead to acute neurological symptoms, liver hyperplasia, hemopoietic disturbance, and other symptoms, and eventually death (Kushner et al. 1999) .
Our results showing that D 2 O did not augment the actions of N 2 O and propofol on GABAergic and glutamatergic neurotransmissions, I GABA and I Glu , do not mean that D 2 O is unrelated to anesthetic actions. Linking the effects of general anesthetics on specific ion channels to clinical effects of general anesthesia is nearly impossible, because how neuronal networks are influenced by the actions of anesthetics remains unknown. The underlying complexity of neuronal networks includes elaborate spatial organization and the diversity of their multiple synaptic neurotransmitters (Campagna et al. 2003) . Of various confounding factors, modulation of signaling pathways by surrounding neuronal structures is critically important. In fact, there was a marked difference between our studies using a synaptic bouton preparation and those performed in slice preparations (Kotani et al. 2012; Ogawa et al. 2011; Wakita et al. 2012 Wakita et al. , 2013 . For example, in previous studies performed in slice preparations, all volatile anesthetics potentiated GABAergic transmission and I GABA . However, we found that volatile anesthetics enhanced the I GABA , whereas each anesthetic had quite different synaptic responses, especially in the action potential-dependent neurotransmission (Kotani et al. 2012; Ogawa et al. 2011) . We have suggested that the differences may relate to effects on surrounding neurons or glia, and this may be important in the modulation of anesthesia-related neuronal networks. In this regard, aquaporin-4 is widely distributed on astrocyte endfeet in brain, where it significantly modulates neuronal excitability by influencing extracellular volume dynamics and potassium and water clearance (Nagelhus and Ottersen 2013) . Moreover, astrocytes contain the GABA transporter, and the clearance of extrasynaptic GABA depends on glial reuptake (Kwan et al. 2001) . The general anesthetic isoflurane significantly inhibited GABA uptake by GABA transporters (Sugimura et al. 2001) . If D 2 O has different properties or flow through aquaporin-4 compared with H 2 O, this may influence neuronal excitability and anesthetic action. 
